The pattern of neurogenesis of GABA-immunoreactive neurons in the ferret primary visual cortex was determined using immunohistochemical and 3H-thymidine autoradiographic techniques.
Neurons in the visual cortex of the ferret undergo their final cell division during a period extending from embryonic day 20 (E20) to postnatal day 14 (P14) and follow an inside-out pattern of neuronal production (Jackson et al., 1984) similar to that observed in other mammals. Earliergenerated neurons are found at deeper cortical positions in the adult than are those generated later. Layer I is an exception to this rule, since neurons destined for this layer are produced at both the beginning and end of neurogenesis. In this study, the pattern of neurogenesis of GABA-immunoreactive neurons is compared to the pattern observed for nonimmunoreactive neurons. The overall pattern of cortical neurogenesis (inside-out pattern) is similar for GABA-immunoreactive neurons and neurons that are not GABA-immunoreactive.
However, the GABA-immunoreactive neurons born on a given day of development are more broadly distributed across the radial axis of the adult cortex than are nonimmunoreactive neurons generated on the same day. GABA-immunoreactive neurons generated later in neurogenesis are, on average, slightly smaller than those generated early. If GABA-immunoreactive neurons in the visual cortex are interneurons, then these findings suggest that interneurons follow the same pattern of neurogenesis as do projecting neurons in the visual cortex.
Neurogenesis in the ferret visual cortex occurs during a 5 week period, which extends from embryonic day 20 (E20) to postnatal day 14 (P14), and exhibits an inside-out pattern of cell production (Jackson et al., 1984; Jackson, 1986 ) that is typical of that observed in other mammals. With the exception of the neurons in layer I, earlier-generated neurons lie at deeper cortical positions in the adult than those generated later. Layer I neurons in the ferret are produced at the beginning and end of neurogenesis. In recent years, there has been tremendous interest in identifying and describing neurons that use GABA as a neurotransmitter. Three different strategies are being used in attempts to identify GABA neurons in the visual cortex. One method is the uptake study, in which 3H-GABA is injected into the cortex. GABA neurons are thought to selectively take up the 3H-GABA by a high-affinity system. This method has been used by a number of investigators (Hokfelt and Ljungdahl, 1972; Chronwall and Wolff, 1980; Somogyi et al., 198 1; DeFelipe and Jones, 1985) . However, a recent study in the monkey visual cortex suggests that some neurons that do not use GABA as a neurotransmitter may take up the 3H-GABA (Kisvarday et al., 1986) . Another method that possibly identifies GABA neurons is the immunohistochemical demonstration of glutamate decarboxylase (GAD), which is the rate-limiting enzyme in GABA synthesis. Using this method, a heterogeneous population of nonpyramidal neurons in the visual cortex has been revealed (Ribak, 1978; Hendrickson et al., 1981; Somogyi et al., 1983) . Another method is the immunohistochemical demonstration of GABA, which reveals a similar nonpyramidal population in the visual cortex Hendry et al., 1987) . All, or almost all, of the GAD-immunoreactive neurons are also GABA-immunoreactive in the cortex (Somogyi et al., 1984) and retina (Hendrickson et al., 1985) . A possible advantage of examining GABA, as opposed to GAD, immunoreactivity is that with GABA immunoreactivity, it is not necessary to use colchicine, which may not be equally available to all neurons (Gabbott and Somogyi, 1986) .
There is substantial evidence that cortical neurons using GABA as a neurotransmitter are interneurons and mediate inhibition. Undercutting the cortex does not change GABA levels (Reiffenstein and Neal, 1974; Emson and Lindvall, 1979; Ulmar and Neuhoff, 1980) . Furthermore, neurons in the visual cortex that project to other areas of the brain are pyramidal neurons (Gilbert and Kelly, 1975; Lund et al., 1975; Segraves and Rosenquist, 1982) which differ in morphology from the nonpyramidal GADand GABA-immunoreactive neurons (Ribak et al., 198 1; Somogyi, 1986 ). GABA applied iontophoretically in the cat visual cortex leads to inhibition (Krnjevic and Schwartz, 1967; Wallingford et al., 1973) , and the release of GABA is associated with inhibition (Iversen et al., 1971; Clark and Collins, 1976) . A possible role of GABA neurons in the visual cortex is suggested by the fact that inhibiting GABA leads to a loss of orientation selectivity in certain neurons in the visual cortex (Rose and Blakemore, 1974; Sillito, 1979; Tsumoto et al., 1979) .
It was once generally accepted that the production of projecting neurons preceded that of interneurons (for example, see Taber Pierce, 1967; Hinds, 1968; Angevine, 1970) . However, this issue remains unresolved, since different areas of the brain seem to have different patterns of neurogenesis. By using newly developed methods to possibly identify GABA neurons and thereby identify interneurons, this question is again addressed.
In the mouse hippocampus, the peak of neurogenesis of GADimmunoreactive neurons is earlier than the peak of nonimmunoreactive neurons (Soriano et al., 1986) . However, there is evidence that not all GAD-immunoreactive neurons in the hippocampus are interneurons (Ribak et al., 1986) . In another region of the mouse brain (somatosensory cortex), GAD-immunoreactive neurons follow the same pattern of neurogenesis as that of nonimmunoreactive neurons . Wolff et al. (1978) found that GABA-accumulating neurons in the rat visual cortex do not follow the inside-out spatiotemporal pattern, and that GABA-accumulating neurons destined for all of the cortical layers are produced during most of neurogenesis. A recent study of neurogenesis by Miller (1985) suggests that this is not the case for GABA-immunoreactive neurons in the rat visual cortex. He finds that GABA-immunoreactive neurons follow the same inside-out gradient as do nonimmunoreactive neurons. Neurogenesis in the mouse and rat occurs during a very short period of time, and there is considerable overlap in the genesis of the various layers. The ferret has a longer and more spatially discrete pattern of neurogenesis than that observed in the hamster (Shimada and Langman, 1970; Crossland and Uchwat, 1982) , rat (Berry et al., 1964; Hicks and D'Amato, 1968) , or mouse (Angevine and Sidman, 196 l) , affording a more detailed view of cortical neurogenesis. The discrete and prolonged pattern of neurogenesis in the ferret visual cortex is similar to that observed in primates (Rakic, 1974) and cats (Luskin and Shatz, 1985a) .
A related issue is whether or not interneurons of different sizes follow the same pattern ofneurogenesis. In the cat, separate subpopulations of small and large GABA-immunoreactive neurons that are related to X and Y pathways, respectively, are reported in the lateral geniculate nucleus and in layer IV of the visual cortex Montero and Zempel, 1985) . It is possible that the interneurons related to these different pathways vary in their development, although no difference between the birthdates of class 1 and 2 neurons (Y-cells) and class 2 and 3 neurons (X-cells) in cat geniculate nucleus is found . Also, if the rate of differentiation of neurons is related to their birthdate, larger interneurons may originate earlier. In a Golgi study of the cat visual cortex, Meyer and Ferres-Torres (1984) find that large basket cells of layers III-V are the first nonpyramidal neurons to develop. In the monkey visual cortex, Lund et al. (1977) , using the Golgi technique, find that the rate of neuronal maturation is related to size, with larger neurons differentiating before smaller neurons.
In the present study, the laminar positions of GABA-immunoreactive and nonimmunoreactive neurons generated on different days of development are compared in the adult ferret. Also examined is the size of the GABA-immunoreactive neurons produced at different times in development.
Preliminary reports of this work were presented previously (Peduzzi and Hickey, 1985; Peduzzi, 1986) . For the embryonic injection of 3H-thymidine, pregnant ferrets were anesthetized by intramuscular injections of ketamine (40 mg/kg) and acepromazine (4 mg/kg)i then a laparotomy was performed, as previously described by Hickey et al. (1983) of 'H-thymidine was injected intraperitoneally. All animals were allowed to survive to adulthood. The age of 'H-thymidine injection and the age at which each animal was killed are given in Table 1 .
While deeply anesthetized, animals were perfused through the heart with PBS, pH 7.2, followed by Zamboni's fixative [2% paraformaldehyde, 15% saturated pi& acid in 0.1 M phosphate buffer (PB), pH 7.21, then followed by the same fixative with 10% sucrose. The brain was postfixed for 2-5 hr and then placed in 20% sucrose in PB overnight to facilitate sectioning. Alternate horizontal frozen sections close to the representation of aiea centralis were taken for immunohistochemistry (15 urn), Nissl staining (15 urn), and AChE histochemistrv (60 urn). A mod&&ion of the pr&ed&e' from Dean et al. (1982) was used' for AChE histochemistry. The Nissl and AChE sections facilitated identification of the boundaries of the primary visual cortex.
Sections for immunohistochemistry were collected in PBS, pH 7.4, placed in 0.3% Triton X-100 in PBS for 10 min, rinsed (all rinses were 10 times with PBS). then blocked in 10% normal aoat serum in PBS for % hr. Sections were placed in GABA antiserum (Immunonuclear; diluted 1:3000 in PBS with 1% goat serum) for 48 hr at 4°C. [See Maley and Newton (1985) for a description of the production and specificity of this antiserum.] Sections were occasionally placed on a shaker during this incubation. In each group, sections were also processed using a variety of other antisera. After rinsing, sections were placed in goat antirabbit antiserum (Sigma; diluted 1:300 in PBS with 1% goat serum) for 90 min at room temperature. Sections were rinsed, then incubated in rabbit peroxidase anti-peroxidase (PAP) (Sigma; diluted 1:500 in PBS with 1% goat serum) for 90 min at room temperature. After rinsing again, sections were reacted using 0.05% 3,3'-diaminobenzidine tetrahydrochloride (Sigma) with 0.01% hydrogen peroxide in PBS for 10 min. After several rinses, sections were mounted on slides. Control sections that lacked either primary antiserum, secondary antiserum, or PAP were also processed. All control sections lacked immunoreactivity. For autoradiography, slides were defatted, then hydrated and dipped in NTB-2 emulsion. After 4 weeks, slides were developed and coverslipped. Following analysis of the GABA-immunoreactive neurons, the coverslips were removed and sections were Nissl-stained.
Data analysis
The cross-sectional area of the neuronal soma and the position of neurons within the visual cortex were determined using a microscope with an X-Y microscope stage encoder coupled to an Apple IIe computer using the Bioquant system software (Nashville, TN). It was possible to code individual neurons as to whether they were immunoreactive and whether they had silver grains over their nucleus. The criteria used for neuronal identification were a vesiculated nucleus and prominent nucleolus. In GABA-immunoreactive neurons, the nucleolus was often present as a negative image. After sections were counterstained, the laminar locations (upper or lower parts of layers I, II-III, IV, V, VI, and white matter) of the plotted positions of the individual neurons were determined. Layers II and III were considered together because of the difficulty in determining the laminar boundary between them.
GABA-immunoreactive neurons. Camera lucida drawings of GABAimmunoreactive neurons were made using a 100 x oil-immersion objective. The percentages of neurons that were GABA-immunoreactive in a strip of visual cortex (190 pm wide) from pia to white matter at 8 different mediolateral positions were determined in 3 different animals. This was to establish whether there was any difference in the percentage of GABA-immunoreactive neurons at the different mediolateral positions of the primary visual cortex. Additionally, the percentages of neurons that were GABA-immunoreactive in the entire visual cortex and also in each layer of the visual cortex were determined using at least 3 strips of visual cortex from 5 different animals. The soma crosssectional areas of GABA-immunoreactive neurons were determined for at least 16 1 neurons (16 l-934) in each of the 8 ferrets.
Double-labeled neurons. The positions and sizes of double-labeled neurons were determined. A double-labeled neuron is a GABA-immunoreactive neuron that is heavily labeled with silver grains (between the half-maximal and maximal number of silver grains for that animal). Using these criteria for the number of silver grains is sufficient to identify a neuron actually generated on the day of )H-thymidine injection (Hickey et al., 1983) . For each animal analyzed, the positions and soma crosssectional areas of at least 75 (75-l 36) double-labeled neurons were determined. In the animal injected with 'H-thymidine on PlO, it was necessary to analyze a large number of sections in order to obtain a sufficient number of double-labeled neurons.
Birthdate of nonimmunoreactive neurons. The positions of neurons that lacked GABA immunoreactivity but that had a large number of silver grains over the nucleus were plotted. For each animal, the positions and laminar locations of at least 152 (152-602) nonimmunoreactive neurons were determined. In each section, the entire extent of area 17 was analyzed. It is doubtful that any of the nonimmunoreactive neurons with silver grains over the nucleus lacked GABA immunoreactivity because of poor penetration of the antiserum, since beta particles ofthe tritium can only travel a few microns to expose the emulsion; thus only neurons in the upper 3 pm of the section can be labeled with silver grains (Rogers, 1979) . However, other factors may influence whether a neuron is GABA-immunoreactive (see Discussion).
Results GABA neuron morphology. The pattern of GABA-immunoreactive neurons in the visual cortex was very consistent between animals, using the immunohistochemical methods described. GABA-immunoreactive neurons are present in every cortical layer and appear to be fairly evenly distributed across the layers of the cortex (Fig. 1) . However, since neuronal density varies in the different layers of the cortex, the percentage of GABA-immunoreactive neurons in the different layers is not equal (see below). Examples of camera lucida drawings of GABAimmunoreactive neurons from each of the cortical layers taken from several animals are illustrated in Figure 2 . GABA-immunoreactive neurons are a heterogeneous population of neurons that can be broadly classified as having bipolar, bitufted, or multipolar morphology. In the large number of sections examined, GABA-immunoreactive neurons, with their proximal dendrites oriented horizontally, are often seen in layer I and lower layer VI. Attempts made to find consistent patterns in dendritic morphology within the other layers were unsuccessful. On the basis of the limited dendritic morphology that was re- vealed, no GABA-immunoreactive neurons with pyramidal morphology were identified. Size and percentage. To determine whether GABA-immunoreactive neurons are larger in certain layers, the size ofGABAimmunoreactive neurons in each layer of each animal was determined. The sizes of the GABA-immunoreactive neurons are represented by a scatter plot in Figure 3 . Relative sizes are used because considerable shrinkage occurred in the sections from the immunohistochemical procedures. Each point in Figure 3 represents the percentage difference between the mean soma cross-sectional area of GABA-immunoreactive neurons in a layer and the mean soma cross-sectional area of all GABA neurons measured in that animal. GABA-immunoreactive neurons with the largest mean area are consistently seen in layers IV-VI. In different animals, the high degree of variability in the size of the neurons found in the white matter is probably due to the small sample size of GABA-immunoreactive neurons in the white matter. The sizes of GABA-immunoreactive neurons in the upper halves of the individual layers were not consistently larger or smaller than those in the lower halves.
The proportions of GABA-immunoreactive neurons at different mediolateral positions in the primary visual cortex did not differ consistently. Table 2 presents the percentage of GABAimmunoreactive neurons in the visual cortex of 5 different animals. The total average of neurons that are GABA-immunoreactive in the primary visual cortex is 15.1% (+2.0%). The percentage of neurons that are GABA-immunoreactive in the individual layers of the visual cortex is shown in Figure 4 . Layers I and V contain the highest percentages of GABA-immunoreactive neurons. The high percentage of neurons that are GABAimmunoreactive in these layers does not imply that the majority of GABA-immunoreactive neurons are present in layers I and V, because these layers have a relatively low density of neurons. 
Birthdate of subpopulations
Examples of cells from a section processed for immunohistochemistry and autoradiography are shown in Figure 5 . The cell on the far right is a neuron that is not GABA-immunoreactive. It would, however, be considered as having undergone its final cell division on the day that this animal received an injection of 3H-thymidine, since the number of silver grains over the nucleus is between the maximal and half-maximal number of silver grains observed in this animal. The second cell from the left is an example of a GABA-immunoreactive neuron which would also be considered to have been generated on this developmental day. The other 2 GABA-immunoreactive neurons have insufficient silver grains over the nucleus to be considered as having the same birthdate.
Position of double-labeled neurons. The laminar distribution in the adult of neurons generated on various developmental days is depicted in Figure 6 . The total number of GABA-immunoreactive neurons generated on each day (75-136 neurons plotted for each animal) was taken as lOO%, and is represented by an upright solid histogram. The number of neurons that lacked GABA immunoreactivity that were generated on each day (152-602 neurons plotted for each animal) was also taken as 1 OO%, and its percentage distribution in each layer is shown by the inverted histogram with the diagonal cross-hatching. The reason for analyzing unequal numbers of GABA-immunoreactive and nonimmunoreactive neurons was that similar regions of the visual cortex could be sampled in each case. The horizontal bars above the histograms represent the radial distribution of those neurons falling between the 25th and 75th per- Figure 5 . Photomicrograph of neurons in the ferret visual cortex. The cell on the far right with a large number of silver grains over its nucleus is not GABA-immunoreactive and would be considered to be generated on the day that this animal was injected with "H-thymidine. The second cell from the left is a GABA-immunoreactive neuron with a large number of silver grains (double-labeled), therefore also generated on the day that this animal was injected with 'H-thymidine. The other 2 cells are GABA-immunoreactive neurons with few or no silver grains over their nucleus and would not be considered as having been generated on the day this animal received 3H-thymidine. Scale bar, 15 km.
centiles of the population of cells generated on a given developmental day. Therefore, 50% of the radioactively labeled neurons lie within the cortical positions spanned by the bar. The upper, solid horizontal bar denotes the GABA-immunoreactive neurons, and the bar with cross-hatching represents the nonimmunoreactive neurons. The median position of all the GABA-immunoreactive neurons or nonimmunoreactive neurons generated on each day is represented by the arrowhead on each horizontal bar. For example, in Figure 6A (neurons generated on E22), 50% of the GABA-immunoreactive neurons reside in the region between lower layer V and lower layer VI (width of the bar), and the median laminar position is approximately the middle of upper VI (arrowhead). Also, 50% of the nonimmunoreactive neurons generated on this day are found between the middle of lower layer VI and upper white matter, and the median position is in the white matter. In looking at the histograms (Fig. 6 ) across the days of neurogenesis, it is found that GABA-immunoreactive neurons follow an inside-out pattern of cell production similar to that seen for neurons that are not GABA-immunoreactive. Although there are slight differences in the laminar distribution between the GABA-immunoreactive and nonimmunoreactive neurons generated on the same day, the distribution of the 2 subpopulations generated on most developmental days is fairly similar. However, one difference observed is that the early-generated (E22-E30) neurons in layer I and upper layer II-III (which are the exception to the inside-out pattern) consist almost entirely of GABA-immunoreactive neurons.
The inside-out gradient of cell production is even more obvious when we look at the median positions on different developmental days (arrowheads in Fig. 6 ). The median positions of the GABA-immunoreactive neurons are more superficially located in the cortex, in most cases, than the median positions of the nonimmunoreactive neurons (7 out of 8). However, the median positions of the 2 subpopulations are very close in at least one-half of the animals. Using the median test (Siegel, 1956) , the positions of the GABA-immunoreactive neurons in the adult are not significantly different in central tendencies from the nonimmunoreactive neurons generated, except for those produced on E22, E26, and P2. Eliminating the neurons in layers I and II-III from consideration in the animals injected on E22 and E26 did not change the results of this test.
However, the 2 groups (GABA-immunoreactive and nonimmunoreactive) generated on a given day are not drawn from the same population [Mann-Whitney U test (Siegel, 1956) ; p < 0.0 I], based on the radial distribution of their cortical positions. For each of the days examined, the distance between the 25th and 75th percentiles (width of the horizontal bar in Fig. 6 ) is greater in the subpopulation of GABA-immunoreactive neurons than in the nonimmunoreactive neurons. Furthermore, the final positions of the GABA-immunoreactive neurons generated on a given day are significantly more variable [F test for the differences of variances (Sokal and Rohlf, 1981) , 2-tailed; p < 0.021 than for neurons lacking immunoreactivity produced on the same day. Eliminating the neurons in layers I and II-III from consideration in the animals injected on E22-E30 did not change the results of this test. The distance between the 25th and 75th percentiles in nonimmunoreactive neurons is generally restricted to 1 or 2 layers, except in the E30-injected animal. The wide distribution of neurons on E30 is probably due to the large number of neurons generated on this day.
Size of double-labeled neurons. The mean cross-sectional areas of GABA-immunoreactive neurons generated at successively later times in neurogenesis are progressively smaller, except for one animal (3H-thymidine injection on E38), which had exceptionally large neurons. The relative size of the GABA-immunoreactive neurons generated on each of the developmental days is shown in Figure 7 . The relative size is the mean cross-sectional area of the double-labeled neurons divided by the mean crosssectional area of all the GABA-immunoreactive neurons measured in that animal. The size of GABA-immunoreactive neurons generated later declines considerably compared to those generated early in neurogenesis. In Figure 8 are histograms showing the distribution of the cross-sectional areas of GABAimmunoreactive neurons generated on 4 developmental days. Considerable overlap is seen in the cell-size distribution of the GABA-immunoreactive neurons generated on different days, suggesting that GABA-immunoreactive neurons of all sizes are generated throughout neurogenesis. However, a greater number of smaller GABA-immunoreactive neurons and fewer larger neurons are generated late in neurogenesis.
A possible reason for the decline in the mean area of lategenerated GABA-immunoreactive neurons is that GABA neurons are larger in the deeper layers of the cortex and exhibit an inside-out gradient of cell production. To determine whether this is totally responsible for the decline, the relative size of the GABA-immunoreactive neurons generated in each layer was determined. The relative size is the mean cross-sectional area of the GABA-immunoreactive neurons generated on a developmental day in each layer of each animal (double-labeled) divided by the mean cross-sectional area of the GABA-immunoreactive neurons in that layer of the animal. This should eliminate any differences due to the varying sizes of GABA neurons in each layer or to slightly different cell sizes in individual animals. The relative sizes of GABA-immunoreactive neurons in each layer generated on different days in neurogenesis are plotted in Figure 9 . Underlining of the developmental days on the x-axis indicates the time when the majority of GABAimmunoreactive neurons in that layer were generated. The mean soma sizes of double-labeled neurons generated on some of the developmental days before or after this peak period are calculated from relatively few neurons. A linear regression is used to reveal any trend in the data. All the regression lines for each of the layers have a negative slope, suggesting that the mean sizes of the later-generated GABA-immunoreactive neurons are slightly smaller. In Figure 10 are histograms showing the cellsize distributions of GABA-immunoreactive neurons in layer V that were generated at 4 different times in development. There is again considerable overlap in their distribution, but a greater number of smaller neurons and fewer larger neurons are generated on the later developmental days.
Discussion

GABA morphology
The morphology and laminar distribution of GABA-immunoreactive neurons in the ferret visual cortex are similar to those in the population of GAD-or GABA-immunoreactive neurons reported in rat (Ribak, 1978) , cat (Fitzpatrick et al., 1983; Gabbott and Somogyi, 1986) and monkey (Hendrickson et al., 198 1) visual cortex. The observations in the ferret that a high proportion of layer I neurons are GABA-immunoreactive and that the largest GABA-immunoreactive neurons are present in layers IV-VI agree with findings reported for the cat visual cortex (Gabbott and Somogyi, 1986) . The percentage of neurons that are GABA-immunoreactive in the ferret visual cortex (15.1%) is close to that reported by Fitzpatrick et al. (1983) for GADimmunoreactive neurons in the cat visual cortex (8-l 5%). However, it is slightly lower than the 20% (GABA-immunoreactive neurons) reported by Gabbott and Somogyi (1986) in the cat visual cortex. It appears that the sections (15 pm thick) were completely penetrated by the GABA antiserum since there was no change in the number of GABA-immunoreactive neurons at different focal planes through the section. However, it is possible that the 2 pm sections used by Gabbott and Somogyi actually had better penetration of the antiserum. Also, different species may have different percentages of GABA-immunoreactive neurons in a particular area.
A wide variety of factors may affect the actual percentage of GABA-immunoreactive neurons observed. The type of fixative, degree of tissue fixation, and even the amount of detergent used may influence the immunoreactivity of the neurons. Additional factors that may be important include the immunohistochemical reagents and incubation parameters used. Furthermore, the metabolic state of the neurons affects the percentage of GABAimmunoreactive neurons (Hendry and Jones, 1986) . Although every effort was made to optimize conditions, every neuron that actually uses GABA as a neurotransmitter may not have been revealed.
Birthdate of subpopulations
The pattern of neurogenesis of the GABA-immunoreactive neurons is, on the whole, quite similar to that observed for neurons that are not GABA-immunoreactive. Both exhibit a prominent inside-out pattern of neurogenesis. However, one difference observed between the 2 patterns of neurogenesis relates to neurons generated on E22. The median position of the neurons that lacked GABA immunoreactivity generated on that day is in the white matter. This is not the case for the GABA-immunoreactive neurons, whose median position is in layer VI. The difference is probably due to the fairly low percentage of neurons that 6A '""1 E22 E38 Figure 7 . Relative cell size of all the GABA-immunoreactive neurons produced on the various days of development. Relative cell size is the mean soma cross-sectional area of the GABA-immunoreactive neurons generated/the mean soma cross-sectional area of all GABA-immunoreactive neurons measured in that animal in area 17 x 100%. Linear regression is used to show trends in the data. The dramatic decrease is due in part to the fact that GABA-immunoreactive neurons are larger in the deeper layers of the visual cortex (Fig. 4) , and there is an insideout gradient in the production of GABA-immunoreactive neurons (Fig.   6 ).
are GABA-immunoreactive in the white matter of the adult ferret. In the developing ferret, a large proportion of neurons in the white matter are GABA-immunoreactive. Therefore, it is possible that this difference between the median positions of the GABA-immunoreactive and nonimmunoreactive neurons generated on E22 would not be present in the developing ferret. It is not known, however, whether these GABA-immunoreactive neurons in the white matter of the immature ferret die or lose their GABA immunoreactivity. The large number of neurons generated on E22 that are found in the white matter of the adult ferret differs from the results of Luskin and Shatz (1985b) , who found very few neurons in the white matter of the adult cat. This may be due to species differences.
Another difference between the patterns of neurogenesis of GABA-immunoreactive neurons and nonimmunoreactive neurons is that the early-generated neurons (E22-E30) in layer I and upper layer II-III consist almost entirely of GABA-immunoreactive neurons. The layer II-III GABA-immunoreactive neurons generated toward the beginning of neurogenesis are produced much earlier than the majority ofneurons in this layer. Some of these neurons are at the I-II border, and are difficult to categorize as being in layer I or II. However, others are clearly residing in layer II-III and not at the I-II border. Perhaps these neurons are part of the primordial plexiform layer described by Marin-Padilla (197 1) or possibly they are ectopic layer I cells. An analysis of the peptides contained in these neurons may reveal whether they are similar to the other early-generated layer I cells. At least a few GABA-immunoreactive layer I neurons 
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Histograms showing the cell-size distribution of the GABAimmunoreactive neurons generated on 4 different days in development, taken at 8 d intervals. Although the cell-size distribution of the 4 different animals overlaps, there seem to be more smaller cells generated later in neurogenesis.
are generated on every developmental day examined. However, there are actually 2 main periods when layer I neurons are generated-early and late in neurogenesis (Jackson, 1986) . Early-generated layer I neurons consist almost entirely of GABAimmunoreactive neurons, while late-generated layer I neurons also include nonimmunoreactive neurons. Other slight differences in median position between the 2 subpopulations of neu- Figure 6 . Histograms of the percentage (in each cortical sublayer) of the total number of neurons that were produced on a given day in development. The laminar distribution in the adult ferret of all the GABA-immunoreactive neurons generated on each day in development is represented by the upright solid histograms. The inverted histograms with diagonal cross-hatching represent the laminar distribution of neurons that were not GABAimmunoreactive, produced on the same day. Percentile information is given in the bars above each histogram. The total range in the radial positions (deepest to most superficial) of neurons generated on each day of development is from the 0 to 100th percentile. The horizontal bars shown above each histogram represent the radial distribution of those neurons falling between the 25th and 75th percentiles of the population of cells generated on a given developmental day. The upper solid horizontal bars denote the GABA-immunoreactive neurons, and the bars with cross-hatchingrepresent the nonimmunoreactive neurons. The arrowhead on each bar denotes the median position (50th percentile Figure 9 . Relative size of GABA-immunoreactive neurons generated on different days for each layer. Relative eel1 area is the mean soma crosssectional area of GABA-immunoreactive neurons generated in that layer/the mean soma cross-sectional area of all GABA-immunoreactive neurons measured in that layer in that animal x 100%. Underlining of certain days on the x-axis denotes the time when the majority of the GABAimmunoreactive neurons in that layer were produced. Data obtained before and after these days are based on relatively few neurons. Linear regression is used to reveal trends in data. All regression lines have negative slopes. Note that the y-axis is different for layer I and white matter neurons, which minimizes the slope relative to the other days.
rons may be due to differences in the percentages of GABAimmunoreactive neurons in the various layers.
The finding that GABA-immunoreactive neurons in the ferret visual cortex generally follow the same inside-out pattern as nonimmunoreactive neurons is similar to results in the rat visual cortex (Miller, 1985) and mouse somatosensory cortex . The results presented here do not support the findings of Wolff et al. (1978) that GABA-accumulating neurons destined for all of the cortical layers are generated during most of neurogenesis in the rat visual cortex. Perhaps it is not possible to obtain a sufficient number of neurons to document the insideout gradient within the increased scatter of GABA neurons using the 3H-GABA injection technique. Results presented here also differ from the finding that the peak of neurogenesis of GADimmunoreactive neurons precedes the peak of nonimmunoreactive neurons in the mouse hippocampus (Soriano et al., 1986) . However, it is not clear whether the neurogenesis of these 2 subpopulations varies within individual layers of the hippocampus. If the spatiotemporal gradient is such that cells in layers that contain predominantly nonimmunoreactive neurons (pyramidal and granule cells) are produced later in development, this may be responsible for the overall difference between the peaks of neurogenesis in these 2 subpopulations.
If GABA-immunoreactive neurons are interneurons in the cortex, the present results suggest that the interneurons in the primary visual cortex are produced at the same time as are projecting neurons. In a Golgi study of the rat visual cortex, Parnavelas et al. (1978) also found that pyramidal and nonpyramidal neurons in the same layer develop at the same time. This may be a general cortical phenomenon, given the similar results in somatosensory cortex (FairCn et al., 1986) . Whether interneurons are produced at the same time as projecting neurons in other regions of the brain is not known. In the past, this issue has been confused by studies that lacked quantification, or studies in an area where there is a strong spatiotemporal gradient and where interneurons are localized in a particular layer or subdivision of this area. The distribution, across the radial axis of the cortex, of neurons generated on a single day of development (reflected in the difference between the positions ofthe 25th and 75th percentiles in each animal in Figure 6 ) is consistently wider for the GABAimmunoreactive neurons than for the nonimmunoreactive neurons. This wider distribution is also mentioned in the study of the development of GAD-immunoreactive neurons in the mouse somatosensory cortex (Fair& et al., 1986) . All the GABA-immunoreactive neurons generated on a given developmental day do not lie more superficially or deeper than the nonimmunoreactive neurons generated on the same day. It may be that examining subpopulations of GABA-immunoreactive neurons would reveal some consistent trend in these subpopulations. In the visual cortex, different subpopulations of GABA-immunoreactive neurons are also immunoreactive for somatostatin, cholecystokinin (CCK), or neuropeptide Y (Hendry et al., 1984; Somogyi et al., 1984) .
The reason for the broader distribution in the radial position of the GABA-immunoreactive neurons generated on a single day of development is not known. One possible explanation, given by Wolff et al. (1978) , is that interneurons and projection neurons migrate to their final positions via different mechanisms. However, the differences in their patterns ofneurogenesis may not be great enough to say that another mechanism must exist for their migration. There may be some difference (possibly positional cues) in the mechanism that determines the final position of GABA-immunoreactive neurons produced on a given day of neurogenesis that leads to their more variable laminar distribution. Perhaps the most important determinant of the position of a GABA neuron is the proximity of another GABA neuron, since GABA-immunoreactive neurons appear fairly evenly distributed across the cortex. This idea is weakened by the fact that occasionally 2 or more GABA-immunoreactive neurons are seen in fairly close proximity. It is possible, however, that the GABA-immunoreactive neurons that are close together are actually different types of GABA neurons. For example, it may be functionally more important in determining their final position that large basket cells (a type of GABA neuron) are spaced evenly from each other than that they recognize laminar boundaries. Regular spacing of specific types of neurons (ON-and OFF+ ganglion cells) is observed in the cat retina (WBssle et al., 1981) . Another possible reason for the wider distribution of GABA-immunoreactive neurons is that cell death may affect non-GABA and GABA cells differently.
The role of cell lineage in determining whether neurons use GABA as a transmitter is not known. Given that the time span of neurogenesis of GABA-immunoreactive cells extends for the whole period of cortical neurogenesis, it is possible that the GABA-immunoreactive neurons are derived from distinct pre-LAYER V GABA NEURONS CROSS-SECTIONAL AREA (pm2) Figure 10 . Histograms showing the cell-size distribution of layer V GABA-immunoreactive neurons generated on 4 different days of development. As in Figure 8 , there is considerable overlap in the sizes of neurons in layer V generated on different days of development, but more smaller neurons are generated late in neurogenesis.
cursor cells in the ventricular zone. Recent studies in the retina (Turner and Cepko, 1987) do not support this idea, however, since a single progenitor is occasionally found to give rise to diverse cell types. Whether similar mechanisms are occurring in the cortex is not known. The difference in the relative sizes of the GABA-immunoreactive neurons generated early and late is slight, but consistent. One possible explanation is that there are differences in the neurogenesis of the different types of GABA-immunoreactive neurons. Using a combination of techniques, 7 distinct types of GABA-immunoreactive neurons are found in the cat visual cortex: chandelier cells, aspiny and spiny bitufted neurons, neurogliaform cells, deep and large-type basket cells, and clutch cells (Martin et al., 1983; Somogyi, 1986) . For example, if most of the large basket cells are produced before most of the neurogliaform cells (very small neurons), this could lead to the differences in size distribution observed. Supporting this theory is a Golgi study in which the large basket cells were the first nonpyramidal neurons to develop (Meyer and Ferres-Tomes, 1984) . Another possibility is that interneurons related to the X and Y pathways (which vary in size in layer IV of the cat visual cortex according to Freund et al., 1985) vary in their development. However, it was not possible in this study to identify interneurons related to these different pathways. It is also possible that the differences in cell size may reflect some more general phenomenon, such as a depletion of metabolic energy in the precursor neurons of rons of all sizes are produced (McAllister and Das, 1977) , others late-generated neurons, or some change in metabolism that may be related to the shutdown of the capacity to divide. Although some investigators have found that, during neurogenesis, neu- have found that neurons of all sizes are generated during most of neurogenesis, but that primarily small neurons are generated at the very end of neurogenesis (Crossland and Uchwat, 1983; Hickey and Hitchcock, 1984) . This phenomenon may be more obvious when examining a subpopulation of neurons, as opposed to the entire population. Numerous physiological studies of the immature visual cortex reveal the early presence of an inhibitory system (Hubel and Wiesel, 1963; Blakemore and Van Sluyters, 1975) . Since the GABA-immunoreactive neurons are produced from the start of neurogenesis in the ferret visual cortex, these results are not surprising. In a more recent physiological study, Tsumoto and Sato (1985) suggest that inhibitory neurons in layer V may mature before inhibitory neurons in deeper or more superficial layers. None of the results presented here suggests that layer V neurons develop before layer VI, although there is overlap in their neurogenesis. However, it is possible that the maturation of a neuron is not related to its birthdate. Studies under way.
. I
in which various subpopulations of neurons are examined, may provide additional information about neuronal development.
